Mutants of Escherichia coli K-12 blocked in each of the three enzymatic reactions between chorismate and 2, 3-dihydroxybenzoate, in the pathway leading to the iron-sequestering compound enterochelin, have been isolated and biochemically characterized. The three genes concerned (designated entA, entB and entC) have been shown to be clustered on the chromosome between purE and gal and to be located near minute 14 by cotransduction with the purE, lip, and fep genes. entA, entB, and entC were shown to be the structural genes for 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase, 2,3-dihydro-2,3-dihydroxybenzoate synthetase, and isochorismate synthetase, respectively.
A. number of species of bacteria, when grown in media deficient in iron, excrete relatively high levels of compounds containing 2,3-dihydroxybenzoate into the medium (3, 4, 10, 13, 17) . The supernatants of such cultures of Escherichia coli and Aerobacter aerogenes have been shown to contain 2, 3-dihydroxybenzoate, N-2, 3-dihydroxybenzoylserine, and a linear dimer, a linear trimer, and a cyclic trimer (enterochelin) of N-2, 3-dihydroxybenzoylserine (13, 14) . Both enterochelin and N-2,3-dihydroxybenzoylserine have been shown to promote the uptake of iron in E. coli (5, 20) .
Recent studies concerning the biosynthesis of these compounds have shown that 2,3-dihydroxybenzoate is formed from chorismate (21, 22, 24, 27) and is a precursor of enterochelin (14) . The other 2, 3-dihydroxybenzoylserine conjugates appear to be formed by enzymatic degradation of enterochelin (13) . Therefore, at the present time, it is reasonable to assume that enterochelin is the "end product" of the biosynthetic pathway leading from chorismate via 2, 3-dihydroxybenzoate.
The synthesis of enterochelin is controlled by iron in that the levels of the three enzymes involved in the conversion of chorismate to 2, 3- dihydroxybenzoate and of the enzyme(s) converting 2, 3-dihydroxybenzoate to enterochelin 1 Present address: School of Agriculture, La Trobe University, Victoria, 3083, Australia.
are repressed by iron (2, 22, 25; 1. G. O'Brien, unpublished data). To study further this unusual type of regulation, the locations of the structural genes concerned with enterochelin synthesis are being determined. A number of mutants of E. coli K-12 unable to form enterochelin have been isolated and classified into two groups: those blocked before and those blocked after 2, 3-dihydroxybenzoate. One mutant from each group has been briefly described previously in a study of iron transport (5) . The present paper reports the genetic and biochemical characterization of those mutants unable to convert chorismate into 2,3-dihydroxybenzoate.
MATERIALS AND METHODS Cbemicals. Chorismic acid was prepared by using A. aerogenes 62-1 as described previously (6) and was crystallized twice from ether-ligroin (boiling point, 60 to 80 C). 2, 3-Dihydro-2, 3-dihydroxybenzoic acid and isochorismic acid were prepared by using cell extracts of the above strain (21, 27 in the first reactions leading from chorismate to phenylalanine and tyrosine and is also blocked in the tryptophan pathway (7) .
Media. The basal medium used for the growth of cells was the medium 56 described by Monod et al. (12) , except that no FeSO4 was added. The iron content of the medium was about 2 uM (25) umoles of nicotinamide adenine dinucleotide (NAD), 5 Mmoles of MgCl2, and 0.5 ml of cell extract (approximately 25 mg of protein). After incubation for 1 hr at 37 C, 0.5 ml of sodium acetate buffer (0.75 M, pH 4) was added, the mixture was extracted with 4 ml of ether, and the 2, 3-dihydroxybenzoate was estimated spectrophotometrically (22) .
Assay for enzymatic conversion of isochorismate to 2,3-dihydroxybenzoate. The assay mixture was a final volume of 1 ml containing 50 umoles of Tris-hydrochloride buffer, 2 ,umoles of NAD, 0.1 mole of isochorismate, and cell extract (1 mg of protein). After incubation for 1 hr at 37 C, the 2,3-dihydroxybenzoate formed was estimated as described above.
Assay for enzymatic conversion of 2,3-dihydro-2,3-dihydroxybenzoate to 2,3-dihydroxybenzoate. The assay mixture was a final volume of 1 ml containing 50
Amoles of Tris-hydrochloride buffer, 2 Mmoles of NAD, 1.0 Mmole of 2,3-dihydro-2,3-dihydroxybenzoate, and cell extract (0.2 mg of protein). After incubation for 1 hr at 37 C, 0.2 ml of 1 N HCI was added, and the mixture was extracted with 4 ml of ether. The 2,3-dihydroxybenzoate present in the ether extract was estimated spectrophotometrically.
Accumulation of precursors of 2,3-dihydroxybenzoate by cell extracts. The reaction mixture was a total volume of 20 ml containing 1 mmole of Tris-hydrochloride buffer (pH 8), 100 Mmoles of chorismate, 100 ,umoles of MgCl2, 40 umoles of NAD, and cell extract (approximately 500 mg of protein). After incubation for 3 hr at 37 C, each reaction mixture was adjusted to pH 4 (8) . The buffer used was 0.05 M sodium formate (pH 3.5).
Detection of compounds on paper. Spots were detected by their fluorescence under ultraviolet light or by the color given with diazotized p-nitraniline (18), or by both methods. The colors given with the p-nitraniline spray are: chorismic acid, yellow changing to pink; isochorismic acid, yellow changing to brown; 2, 3-dihydro-2, 3-dihydroxybenzoic acid, gray-green changing to brown; 3,4-dihydro-3,4-dihydroxybenzoic acid, brown; phenylpyruvic acid, yellow-brown; 3-hydroxybenzoic acid and 4-hydroxybenzoic acid, red; 2, 3-dihydroxybenzoic acid, purple. Transduction. Transduction experiments were carried out with the generalized transducing phage Plkc as described by Pittard (15) .
RESULTS
Mutant AN31 was isolated after treatment of strain AB259 with N-methyl-N'-nitro-N-nitrosoguanidine. Strain AN92 was chosen as the parent strain for subsequent mutant hunts because it is blocked in the common pathway of aromatic biosynthesis and responds to shikimate. This enables the cross-feeding of the ent-mutants by wild types during the isolation of the mutants to be minimized by supplying low levels of shikimate. In addition, strain AN92 is blocked in each of the first reactions of the pathways from chorismate to phenylalanine, tyrosine, and tryptophan. Therefore, this strain is suitable for studying the conversion of chorismate to 2,3-dihydroxybenzoate by cell extracts. A derivative of strain AN31 was used in preliminary genetic experiments, but the detailed biochemical and genetic studies were carried out with mutants derived from AN92.
Mutants were initially selected as strains which grew poorly on an iron-deficient medium with glucose as the carbon source but whose growth was stimulated when ferrous sulfate (0.2 mM) was added to the medium. These mutants were further subdivided on the basis of their response to 2,3-dihydroxybenzoate. Examination Table 3 . The initial identification of the compounds was based on their fluorescence under ultraviolet light, color with the p-nitraniline spray, and electrophoretic mobility relative to marker compounds. All of the compounds identified are known to be formed from chorismate (23, 26) . With specific reference to compounds involved in 2, 3-dihydroxybenzoate synthesis, the results of the experiment may be summarized as follows: with AN92 (ent+), almost all of the chorismate was removed and a substantial quantity of 2, 3-dihydroxybenzoate formed with no accumulation of intermediates; with AN 156 (entA -), all of the chorismate was removed and 2, 3-dihydro-2, 3-dihydroxybenzoate was accumulated; with AN155 (entB-), approximately half of the chorismate was removed and isochorismate was accumulated; with AN 154 (entC-), approximately half of the chorismate was removed and neither isochorismate nor 2,3-dihydro-2, 3-dihydroxybenzoate was formed. None of the mutants formed detectable quantities of 2, 3-dihydroxybenzoate. The identity of the accumulated intermediates was further verified after elution with methanol by measuring their ultraviolet spectra and demonstrating that they could be converted to 2, 3-dihydroxybenzoate by cell extracts of AN92 in the presence of NAD. In the case of AN 154 (entC-), all regions of the electrophoretogram where compounds were detected were eluted and tested for the presence of precursors of 2,3-dihydroxybenzoate by using a cell extract of strain AN92, but none was detected. The results of this experiment are clearly in accord with entA, entB, and entC being the structural genes for 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase, 2, 3-dihydro-2, 3-dihydroxy-benzoate synthetase, and isochorismate synthetase, respectively. Mapping of the entA, entB, and entC genes. The entA gene was located by using strain AN91 which is a derivative of strain AN31. An interrupted mating was carried out by using strain AN91 (9, proA-, entA , gal-) and strain AB259 (Hfr Hayes) and times of entry of 18, 26, and 29 min obtained for proA+, entA +, and gal+, respectively. The entA+ allele was not transferred as an early marker by strain AB2332 (Hfr Cavalli) which transfers in an anticlockwise direction with purE as an early marker. These results suggested that the entA gene was between purE and gal and located at about minute 14. To test for cotransduction with purE, P1 lysates were prepared on entA -, entB-, and entC-strains and used to transduce purE+ into strain ABI515. Each of the ent genes was found to be cotransducible with purE at low frequency ( Table 4 ). The ent genes were further located by cotransduction with two other genes located between purE and gal, namely the lip gene (9) and the fep gene (5) . The lip gene has been located by time-of-entry experiments (9) and by transduction (28 
DISCUSSION
Evidence has been presented that the entA, entB, and entC genes are the structural genes for the three enzymes involved in the synthesis of 2,3-dihydroxybenzoate from chorismate. The levels of these enzymes are controlled by the concentration of iron in the growth medium (23) , and it is of considerable interest that the entA, entB, and entC genes are closely linked to the fep gene, which is also concerned in iron metabolism. Since the four genes are closely linked, it is not possible to determine, with any certainty, their order or the distances between them from the cotransduction data presented. However, a tentative map which is consistent with the cotransduction frequencies is given in Fig. 2 . The cotransduction frequencies do not suggest that these genes are contiguous, although there may be other genes concerned in iron metabolism in the same region of the chromosome, and it is possible that the ent genes are part of an operon regulated by iron.
Recent work in this laboratory (R. K. J. Luke, unpublished data) has shown that other genes concerned with the synthesis of enterochelin from 2,3-dihydroxybenzoate are closely linked to the ent genes described in this paper.
Cell extracts from E. coli K-12 are much less active than comparable extracts of A. aerogenes in the overall conversion of chorismate to 2,3-dihydroxybenzoate, even though the levels of 2, 3-dihydroxybenzoate-containing compounds present in the supernatants from iron-deficient cultures of both organisms are about equal. This suggests that one or more of the three enzymes concerned in the synthesis of 2,3-dihydroxybenzoate may be unstable or inhibited in the cellfree extracts of E. coli used in the present study, and it was observed that the ability of cell extracts from E. coli to carry out the overall conversion is lost on storage. The activity of 2,3-dihydro-2, 3-dihydroxybenzoate synthetase, under the conditions used, was much less than the activity of 2, 3-dihydro-2, 3-dihydroxybenzoate dehydrogenase but was sufficient to allow biochemical characterization of the mutants.
The results of the biochemical studies with the ent-mutants are in complete agreement with the pathway for the synthesis of 2,3-dihydroxybenzoate which was elucidated with A. aerogenes by separation of the three enzymes concerned (21, 27) . Mutants unable to convert 2,3-dihydroxybenzoate to enterochelin are currently being studied to achieve an understanding of the later stages of the enterochelin pathway. A similar pathway probably occurs in Salmonella typhimurium, since recent work (17) has shown that this organism produces a compound named enterobactin which is probably identical with enterochelin. In addition, two classes of mutants have been isolated in S. typhimurium, blocked before and after 2,3-dihydroxybenzoate, and the genes affected in these mutants appear to be closely linked (16) .
Further biochemical and genetic studies on the biosynthesis and degradation of enterochelin should provide further insight into this unusual system of enzymes for which iron seems to play a key role in regulation.
